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Abstract: Mechanism of solid-state C–H bond activation by various 
Pd(II) catalysts under milling conditions has been studied by in situ 
Raman spectroscopy. Common Pd(II) precursors, i.e. PdCl2, 
[Pd(OAc)2]3, PdCl2(MeCN)2 and [Pd(MeCN)4][BF4]2, have been 
employed for solid-state activation of one or two C–H bonds in an 
asymmetric azobenzene substrate. The C–H activation was 
achieved by all used Pd(II) precursors and their reactivity increases 
in the order [Pd(OAc)2]3 < PdCl2(MeCN)2 < PdCl2 < 
[Pd(MeCN)4][BF4]2. In situ Raman monitoring in combination with 
stepwise ex situ NMR, IR and PXRD experiments has provided 
direct probing of the reaction mechanism and kinetics, and revealed 
how liquids of different acid-base properties and proticity as well as 
selected solids used as additives modify precursors or intermediates 
and their reactivity. Reaction intermediates that were isolated and 
structurally characterized agree with the observed species during 
reaction. In situ Raman spectroscopy has also enabled the 
derivation of reaction profiles suggesting an electrophilic process 
which proceeds via a coordination complex (adduct) undergoing 
deprotonation by a bound or an external base depending on the 
used Pd(II) precursor. Slow step of the first palladation for two 
chloride precursors and [Pd(MeCN)4][BF4]2 is the C–H bond 
cleavage whereas palladation using [Pd(OAc)2]3 depends primarily 
on breaking of its trimeric structure by the azobenzene substrate 
and/or liquid additives. 
Introduction 
Ligand-directed C–H bond activation with palladium compounds 
(Fig. 1), i.e. palladation, is an attractive topic of research due to 
its exceptional importance in synthetic organic chemistry.[1,2] In 
addition, palladium-mediated C–H bond activation is a common 
method for the synthesis of various palladacycles successfully 
applied in many areas of material science and biological  
Figure 1. Experimental conditions for solid-state palladation of the substrate 
AZB by palladium(II) precursors 
chemistry.[2-4] Procedures for preparing the palladated 
compounds are mainly based on reactions in solution.[2,5] Recent 
advances in solid-state synthetic methods,[6] particularly by ball 
milling,[7-11] led to the first mechanochemical synthesis of 
palladacycles via solid-state C–H bond activation.[11] The ball-
milling procedures proved more advantageous to solution 
techniques due to much shorter reaction times and achievement 
of double C–H bond activation, producing dipalladated 
compounds not available from solution. Therein, in situ Raman 
monitoring has shown that palladation of azobenzene by 
[Pd(OAc)2]3 occurs regioselectively, first on the phenyl ring with 
the electron-donating substituent.[11] 
As the C–H bond activation presents the key step in many 
catalytic reactions induced by transition metals,[1,2] the first 
mechanosynthesis of palladacycles via C–H bond(s) activation 
promptly led to the use of mechanochemical methods in metal-
catalyzed functionalization of organic molecules.[9,10] Among all 
used catalysts special attention has been paid to palladium 
compounds due to their ubiquitous application in catalytic 
reactions.[1,2] In contrast to solution,[1,5a] the solid-state C–H bond 
activation in an organic substrate by different palladium catalysts 
has not been comparatively studied even though a thorough 
understanding of catalyst’s reactivity is essential for the 
optimization of metal-catalyzed solid-state reactions. Although 
performing chemical transformations under mechanochemical 
conditions has a wide application in various branches of 
chemistry,[7-11] direct probing of the reaction mechanism and 
kinetics in the solid state has become possible by the 
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development of in situ powder X-ray diffraction (PXRD) and 
Raman monitoring techniques.[12] 
Herein we report the first comparative mechanistic study of the 
regioselective solid-state C–H bond activation in asymmetric 
azobenzene substrate (AZB) by most common Pd(II) catalysts 
representing monomeric, trimeric and polymeric species as well 
as an ionic Pd(II) salt. Milling reactions were performed using 
liquid and solid additives frequently employed in catalytic 
reactions (Fig. 1). Detailed mechanistic insight, obtained by in 
situ and ex situ spectroscopic monitoring along with extraction of 
reaction profiles by analysis of in situ collected Raman spectra, 
and accompanied by structural characterization of intermediates, 
supports the proposed complex multi-step reaction landscape. 
This study also uncovered the strong effect of liquid and ionic 
additives on the solid-state palladation pathway that was found 
to depend on type of the palladium catalyst. Our results provide 
enhanced and unprecedented understanding of the common 
first step in many catalytic transformations of organic molecules 
that undergo activation of the C–H bond by palladium 
compounds in the solid state. 
Results and Discussion 
To explore the C–H activation in 4-chloro-4’-(N,N-
dimethylamino)azobenzene (AZB), we have tested three types 
of Pd precursors: type I – neutral chloride complexes – 
polymeric PdCl2 and monomeric PdCl2(MeCN)2; type II – 
monomeric ionic complex [Pd(MeCN)4][BF4]2; and type III - 
trimeric neutral acetate complex [Pd(OAc)2]3 (Figure 1). Effect of 
additives was screened using (i) common liquids: N,N-
dimethylformamide (DMF), water (H2O), acetonitrile (MeCN) and 
acetic acid (AcOH); and (ii) solid additives: sodium acetate 
(NaOAc) and sodium tetrafluoroborate (NaBF4). The beneficial 
action of liquid additives onto palladation, apart from allowing for 
a greater molecular mobility,[2] may depend on their effect on two 
reaction steps, i.e. the adduct formation and the C–H bond 
activation. Adding the same amount of the liquid additive (15 µL) 
and keeping the ratio of the total mass of the reaction mixture 
and the volume of the liquid constant throughout all experiments, 
allowed for identification of effects of the employed additives. 
Breaking of the polymeric PdCl2 or trimeric [Pd(OAc)2]3 is a 
prerequisite for the adduct formation whereas cleavage of the 
C–H bond requires a suitable proton shuttle for efficient proton 
elimination. Hence, we have selected liquids with different acid-
base properties to test the effect of basicity of additives onto 
palladation.  
AZB was selected as a substrate since it contains para 
substituents with different electron-donating properties that 
allows for testing regioselectivity of the C–H bond activation in 
the solid state. AZB can form two isomeric species, alpha and 
beta, which have the metal coordinated at the alpha or beta azo-
nitrogen (Figure 1) and lead to different reaction paths.  
In situ Raman monitoring along with stepwise ex situ infrared 
(IR), PXRD and nuclear magnetic resonance (NMR) monitoring 
were conducted in order to track the conversion of reactants, as 
well as to confirm identity of intermediates and products. We 
note that the solid-state Raman spectroscopy is a powerful tool 
for monitoring changes on the azobenzene core as bands 
originating from phenyl and azo groups give intensive spectral 
signals. Other used ligands and additives are not clearly 
observed by Raman and their identification requires employment 
of other spectroscopic methods. 
Reactions with precursors I - PdCl2 and PdCl2(MeCN)2 
Milling experiments. Neat grinding (NG)[7] and liquid-assisted 
grinding (LAG)[7] of AZB even with a 4-fold excess of each 
chloride precursor with respect to AZB led to a mixture of the 
mono- and dipalladated complexes after 20 hours of continuous 
milling (Figure S10). Poor reaction outcome was associated with 
breaking of the palladated products due to the Pd/H exchange in 
presence of a strong acid HCl that is formed as a byproduct.  
In order to avoid HCl formation and obtain the pure 
dipalladated product, we have turned to ion-assisted milling. 
Introduction of two equivalents of NaOAc to the reaction mixture 
resulted in formation of AcOH in ion-assisted grinding (IAG)[7] 
and ion-and-liquid-assisted grinding (ILAG)[7]. Presence of AcOH 
was supported by 1H NMR spectra of all bulk mixtures (Figure 
S11) and confirmed that acetate, as an external base, is the end 
acceptor of the proton released during palladation. 
 
Table 1. Dipalladation of AZB by chloride Pd(II) precursors in a 1:4 molar ratio 
in presence of NaOAc. 
No. Pd precursor Liquid Time* / h 
1 PdCl2 - 4.5 
2 PdCl2 DMF 3.5 
3 PdCl2 H2O 2.5 
4 PdCl2 MeCN 11 
5 PdCl2 AcOH 8  
6 PdCl2(MeCN)2 - 15 
7 PdCl2(MeCN)2 DMF 5 
8 PdCl2(MeCN)2 H2O >20 
9 PdCl2(MeCN)2 MeCN 20 
* Corresponds to time at which full conversion to a chloride dipalladated 
product is confirmed by NMR and Raman. 
 
IAG reaction of PdCl2 and AZB in a 4:1 molar ratio with two 
equivalents of NaOAc (Table 1), denoted further as IAG/PdCl2, 
afforded the dipalladated product after 4.5 hours of milling. Next, 
we tested the effect of liquids of different acid-base properties 
and proticity on dipalladation of AZB by chloride precursors. 
Reaction times needed for the full conversion of AZB to the 
dipalladated product in ILAG reactions of PdCl2 and AZB in a 
4:1 molar ratio with NaOAc increase in the following order of the 
    
 
 
 
 
 
employed liquid additives: H2O < DMF < none < AcOH < MeCN. 
A large difference  
Figure 2. Structure and selected part of normalized solid-state Raman spectra 
of AZB monomeric alpha adduct [PdCl2(AZB)(MeCN)] (mAα-I), monomeric 
alpha monopalladated complex [PdCl(AZB-H)(O-DMF)] (mMα-I), dimeric 
monopalladated complex trans-[PdCl(AZB-H)]2 (dM-I), and monomeric 
dipalladated complex [Pd2Cl2(AZB-2H)(O-DMF)2] (mD-I). 
in duration of the reaction within employed aprotic (DMF and 
MeCN) as well as within protic (AcOH and H2O) liquids indicates 
that proticity is not a key factor in the slow step of the studied 
palladation reaction by chloride precursors. Quantitative 
transformation of AZB to the dipalladated product using 
PdCl2(MeCN)2 was significantly slower than with PdCl2 (Table 1). 
Analogous IAG and ILAG of AZB and chloride precursors in 
1:1 and 1:2 molar ratios afford a mixture of AZB, mono- and 
dipalladated products. This could be due to a side reaction in 
which the released chlorides consume the Pd precursor and 
form chloropalladate species that, according to the study of 
azobenzene palladation in DMF,[13] undergo cyclopalladation but 
very slowly thus retarding the reaction.  
All tested solid-state procedures for the synthesis of mD-I are 
significantly faster and cleaner than the solution method, which 
affords the same product after at least 5 days of stirring in 
DMF.5a 
Product isolation and characterization. The product was 
isolated from the crude mixture by washing with H2O and 
acetone to remove AcOH and other impurities (sodium chloride, 
chloropalladate species, etc.). According to IR and NMR, 
washing removes the coordinated solvents suggesting formation 
of a solvent-free coordinately-unsaturated, dimeric or polymeric, 
species with an empirical formula [Pd2Cl2(AZB-2H)]. 
Recrystallization from DMF of the washed product affords the  
Scheme 1. Mechanism of AZB dipalladation by PdCl2(DMF)2 in solution.
5a
 
Only alpha route is drawn. Ancillary ligands are omitted for clarity. 
monomeric complex mD-I (Figure 2). Molecular structure (Figure 
S5) and the NMR data of the mD-I product (Table S5) are 
analogous to other dicyclopalladated azobenzenes obtained 
from DMF solution.[5] 
Ex situ PXRD monitoring of the solid-state reactions shows 
that amorphous mixtures (Figures SX-SY) are obtained by 
milling. Crystallinity of the product is restored by recrystallization 
in DMF. According to PXRD (Figure SX), two polymorphs of mD-
I can be isolated, but their solid-state Raman spectra are the 
same and exhibit two intensive bands at 1261 and 1289 cm-1 
(Figure 2). 
Isolation of intermediates. Studies of palladation of 
azobenzenes by PdCl2
[14] and PdCl2(DMF)2
[5] a suggest that the 
mechanism of double palladation in solution consists of four 
successive steps (Scheme 1): (i) formation of the mononuclear 
adduct A in which one azo-nitrogen is bound to the palladium; 
(ii) intramolecular C–H bond activation resulting in the formation 
of a monopalladated intermediate M; (iii) formation of a 
monopalladated adduct MA in which the free azo-nitrogen 
coordinates the second Pd precursor; and (iv) the second 
intramolecular C–H bond activation producing a dipalladated 
product D. Taking this into account, we have tried to obtain and 
analyze possible intermediates, i.e. the AZB adduct species, the 
monocyclopalladated complex and its adduct (Scheme 1). We 
note that all mentioned species could be monomeric (with 
terminal chlorides) or dimeric (with chlorides bridging two metal 
centers). 
Spectroscopic data show that the first adduct and the 
monopalladated intermediates are formed in all studied milling 
reactions. Due to the rapid first palladation and the second 
palladation that starts shortly after the occurrence of the 
monopalladated product, these complexes could not be isolated 
from the bulk without impurities. Thus, we turned to reactions in 
solution. 
The observed retarding effect of MeCN on palladation of AZB 
was utilized to prepare the first intermediate, the AZB adduct, by 
reaction of PdCl2 and AZB in MeCN solution. Single-crystal X-
ray analysis shows that the obtained product, mA-I, is 
monomeric with Pd bound to alpha azo-nitrogen (Figures 2 and 
S2). 1H NMR spectrum in MeCN-d3 contains four doublet signals 
of aromatic protons showing that only one isomer is present. 
    
 
 
 
 
 
The mA-I is stable in MeCN solution but it partly isomerizes to 
mAβ-I and dimerizes in CDCl3 in which up to a dozen species 
are observed by 1H NMR (Figure S12). DMSO breaks all 
adducts and liberates AZB. Dimeric adducts could not be 
isolated. 
Stirring of mA-I in DMF after four days afforded a monomeric 
product with a palladated p-(N,N-dimethylamino)phenyl ring, 
mM-I (Figure 2) which was confirmed by single-crystal X-ray 
analysis (Figures S4). According to the single-crystal X-ray 
analysis (Figure S3), mM-I is monomeric in DMSO solution 
where [PdCl(AZB-H)(DMSO)] is obtained by exchange of the 
coordinated DMF in mM-I with the DMSO solvent. Ex situ 
Raman spectrum of mM-I with bound DMF gives a strong band 
at 1323 cm-1 and two weaker bands at 1264 and 1295 cm-1 
(Figure 2). In addition, a dimeric monocyclopalladated complex 
trans-[PdCl(AZB-H)]2, dM-I, was prepared in methanol as a 
mixture of alpha and beta isomers in ca. 4:1 ratio with a small 
amount of the dipalladated complex (Figure S9). Its Raman 
spectrum shows bands at 1261 and 1289 cm-1 as well as broad 
bands at 1330 and 1590 cm-1 (Figure 2).  
The third intermediate, the monopalladated adduct, could not 
be prepared either in solution or in solid state.  
Monitoring of all reactions with chloride precursors and AZB by 
in situ Raman and ex situ NMR methods shows stepwise 
reaction pathways starting with the formation of adducts, 
followed by their transformation to the monopalladated species 
and further to the dipalladated product. Reactions with PdCl2 
gave nicely resolved Raman data with gradual interchange 
between the observed species that allowed extraction of the 
reaction profiles (Figure 3). Reaction mixtures with 
PdCl2(MeCN)2 contained a large amount of liquid (e.g. DMF, 
MeCN and/or AcOH) which induced partial sticking of the 
mixture to jar walls. The best data for the PdCl2(MeCN)2 
reactions, obtained for the ILAG-DMF/PdCl2(MeCN)2, confirms 
the analogous reaction course as in the PdCl2 reactions (Figure 
S37). 
Complete transformation of AZB to the chloride dipalladated 
product in ILAG-AcOH/PdCl2 was confirmed by 
1H NMR after 8 
hours of milling. Raman data suggested unrealistically faster 
reaction due to parallel occurrence of chloride and acetate 
palladated complexes which show highly similar Raman spectra. 
Therefore, Raman analysis was not used for the ILAG-
AcOH/PdCl2.  
Occurrence of the adduct in all reactions of chloride precursors 
and AZB is followed by intensity decrease of the ν(Pd–Cl) band 
of PdCl2 located at 278 cm
-1 as well as change in ν(N=N), ν(C–
Nazo)NMe2 and ν(C–Nazo)Cl bands in 1100-1650 cm
-1 range. Apart 
from small shifts of bands about 1400 cm-1 which contain ν(N=N) 
contribution, a band at 1137 cm-1 in AZB originating from 
stretching of both C–Nazo bonds is shifted to 1153 cm
-1 in the 
adduct (Figure 3). Changes suggest perturbation about the C–
N=N–C fragment of AZB supporting the coordination of the azo-
nitrogen to Pd. 
Transformation of the adduct into the monopalladated species 
results in a large shift of the bands with ν(N=N) contribution from 
1415, 1398 and 1371 cm-1 in the adduct to 1289 cm-1 in dM-I.  
Figure 3. Time-resolved monitoring of dipalladation of AZB by PdCl2 under a) IAG and b) ILAG-H2O reaction conditions. Re-action profiles derived from 
multivariate curve analysis – alternate least squares (MCR-ALS) for c) AZB, d) the adduct, e) the monopalladated and f) the dipalladated species. Spectra derived 
from MCR-ALS are above 2D time-resolved spectra in a) and b). Spectra that should represent adduct and monopalladated species in b) are linear combinations 
of their pure contributions because of their concurrent occurrence during milling. This resulted in poor modeling and poor reaction profiles that are not shown
    
 
 
 
 
 
Stretching of the (C–Nazo)NMe2 bond contributes to the band at 
1153 cm-1 in the adduct and 1264 cm-1 in the monopalladated 
species. The ν(C–Nazo)NMe2 band shift to higher and ν(N=N) 
bands to lower energies is accompanied by shortening and 
elongation of (C–Nazo)NMe2 and N=N bonds, respectively. These 
observations are connected with structural changes induced by 
formation a delocalized five-membered palladacycle after the 
first palladation on the phenyl ring with the electron-donating 
substituent (Table S2). Raman monitoring shows that the 
monomeric complex mM-I with a coordinated DMF used as the 
liquid additive is not observed in the studied ILAG-DMF 
reactions indicating that all reactions proceed via dimeric 
monopalladated intermediates. In addition, ex situ 1H NMR 
detected only a minute amount of the beta monopalladated 
complex in the reaction mixtures showing that the reaction 
mostly runs via the alpha route (Scheme 1).  
Hereafter, the second palladation on the chlorophenyl ring 
occurs and results in a dipalladated product (Figure 3). The 
monopalladated adduct(s) MA-I (Scheme 1) should be formed 
from the monopalladated species and might show Raman 
spectrum similar to the parent dM-I. Taking into account failed 
attempts to prepare MA-I and ex situ NMR data that suggests 
only a small amount of MA-I in the reaction mixtures (Figure 
S16), the observed bands at 1264 and 1292 cm-1 could be 
assigned to dM-I rather than MA-I. Moreover, Raman analysis 
(Figure 3) and 1H NMR monitoring (Figure SX) show that 
dipalladation of AZB by both chloride precursors starts shortly 
after the monopalladated complex is formed. 
The dipalladated crude products from all studied reactions 
show three intensive Raman bands at 1220, 1261 and 1289 cm-1 
(Figure 3) in contrast to only two bands of the isolated complex 
mD-I (Figure 2). Further experiments have shown that the 1220 
cm-1 band is retained after washing the crude product with H2O 
and acetone, but is lost if the crude product is recrystallized from 
DMF or kept in DMF vapor. Other two bands at 1261 and 1289 
cm-1 remain unchanged. Taking into account the spectroscopic 
analysis of the washed products that agrees with composition of 
the solid being [Pd2Cl2(AZB-2H)], we propose formation of a 
coordinately-unsaturated, dimeric or polymeric, product during 
milling that gives the monomeric complex mD-I after 
recrystallization in DMF solution. 
Mechanism. Rate of transformation of AZB into the first adducts 
increases in the following order of additives: none < MeCN < 
DMF < H2O indicating that the listed liquids assist the formation 
of the first intermediate (Figure 3). Either adducts with 
monomeric [PdCl2(AZB)(Solvent)], i.e. mA-I and mAβ-I, or 
dimeric structure [PdCl2(AZB)]2, e.g. cis-(dA-I) and trans-(dA-
I), are expected (Figure 4).[2b,13] Differentiating monomeric from 
dimeric adducts in situ by Raman spectroscopy is not feasible as 
their spectra, according to calculations, should show only minor 
differences (Figures S53 and S54). Thus, a detailed IR and 
NMR spectral analysis was necessary to gain important data on 
possible isomerism during milling and possible ancillary ligands 
bound to Pd centers. 1H NMR spectra of all reaction mixtures 
with chloride precursors after 15-45 minutes of milling show 
multiple sets of signals, typical for coordination complexes of 
aminoazobenzenes,[13] due to presence of monomeric or dimeric  
Figure 4. The first AZB adduct intermediates formed in reactions with chloride 
precursors. 
alpha or beta isomers containing Pd bound to alpha or beta azo-
nitrogen (Figure S14). According to the previous studies of 
azobenzene palladation,[13] alpha isomers should be dominant 
over beta isomers. 1H NMR (Figure S14) and IR (Figure S22) 
spectra of the PdCl2(MeCN)2 reaction mixtures reveal that the 
isolated mAα-I and its beta isomer mAβ-I are dominant adducts 
in both PdCl2(MeCN)2 reactions (Figure 4 and S14). In contrast, 
PdCl2 reactions progress mostly via dimeric adducts. In addition, 
1H NMR of the ILAG-MeCN/PdCl2 reaction mixture after 45 
minutes of milling shows both types of adducts with the 
dominant dimeric species in the mixture (Figure S14). We note 
that despite a large excess of chloride precursors, spectroscopic 
data suggests that double adducts [Pd2Cl4(AZB)(MeCN)2], which 
would have one Pd center at each azo-nitrogen, are not 
observed. For these complexes, ν(N=N) Raman band(s) should 
be located between ν(N=N) bands of mA-I and the 
monopalladated species due to coordination of the second Pd at 
free azo-nitrogen which would further weaken the azo bond, but 
this was not observed.  
    
 
 
 
 
 
In the IAG/PdCl2 reaction, the adduct formation is slow and the 
monopalladated species occurs after ca. 50 minutes of milling 
(Figure 3e, blue). The monopalladated intermediate forms after 
only 20 minutes of milling in ILAG-DMF/PdCl2 (Figure 3e, red) 
and 50 minutes for ILAG-MeCN/PdCl2 (Figure 3e, yellow). The 
dipalladated complex appears after 30 minutes in ILAG-
H2O/PdCl2 (Figure 3f, violet) whereas in IAG/PdCl2 (Figure 3f, 
blue) and ILAG-DMF/PdCl2 (Figure 3f, red) it is observed after 
ca. 80 and 60 minutes, respectively. The second palladation is 
the slowest for ILAG-MeCN/PdCl2 and starts after about 110 
minutes of milling (Figure 3f, yellow). This slow reaction could be 
attributed to detrimental action of MeCN onto palladation 
observed also in solution and/or lower reactivity of monomeric 
adducts which are present in ILAG-MeCN/PdCl2 and dominant in 
PdCl2(MeCN)2 reactions.  
Reaction times needed for the complete conversion of AZB to 
the dipalladated product increase in the following order: 
IAG/PdCl2 (4.5 h, Table 1) < ILAG-MeCN/PdCl2 (11 h) < 
IAG/PdCl2(MeCN)2 (15 h) < ILAG-MeCN/PdCl2(MeCN)2 (20 h). 
Apart from different adducts (Figure 4), this effect can be 
rationalized by partial formation of PdCl2(MeCN)2 from PdCl2 
and MeCN. This side reaction was independently confirmed by 
LAG-MeCN of PdCl2 (Figure S25). Much slower 
IAG/PdCl2(MeCN)2 than ILAG-MeCN/PdCl2, can be attributed to 
MeCN released by formation of the first intermediates, 
monomeric alpha and beta adducts [PdCl2(AZB)(MeCN)], in 
IAG/PdCl2(MeCN)2. Namely, this process liberates one 
equivalent of MeCN (ca. 13 µL) per equivalent of the precursor 
to the bulk. The released MeCN retards the PdCl2(MeCN)2 
reactions if compared to the PdCl2 processes (Table 1). 
Additional MeCN introduced in the ILAG-MeCN/PdCl2(MeCN)2 
slows the palladation even more extending the reaction to 20 
hours. 
Taking into account the clear in situ observation of the adducts 
as well as the acceleration effect of DMF or H2O that both 
enable the C–H bond cleavage by facilitating proton elimination, 
whereas MeCN addition retards the reaction, breaking of the C–
H bond is most likely the slow step in the solid-state palladation 
by PdCl2. This agrees with the studies in solution and 
calculations (Scheme 1).[5a,14] Observed rates for the C–H bond 
cleavage could be related to the basicity of the employed 
additives which according to Gutmann’s scale[15] increases in 
order: MeCN < H2O < DMF. Moreover, the second palladation in 
both, IAG and ILAG, is slower than the first (Figure 3), as in 
solution,[5a] but its slow step could not be definitely identified as 
we could not prepare the monocyclopalladated adduct. We note 
that AcOH, released as a byproduct during the first palladation, 
could possibly hinder the second palladation as the cleavage of 
the C–H bond releases a proton and might be decelerated in 
more acidic environment. 
Finally, after considering both chloride precursors, the 
polymeric neutral PdCl2 proved as a better choice than the 
monomeric precursor PdCl2(MeCN)2 for the solid-state activation 
of the C–H bonds. PdCl2(MeCN)2 introduces a large amount of 
MeCN to the reaction mixture which slows down the reaction. A 
“green” liquid, H2O, is identified as the best liquid additive. It 
facilitates the solid-state palladation and allows formation of the 
product that is free of harmful organic solvents.  
Reactions with precursor II - [Pd(MeCN)4][BF4]2 
Milling experiments. IAG of [Pd(MeCN)4][BF4]2 and AZB in a 
1:1 molar ratio with one equivalent of NaOAc and one equivalent 
of NaBF4 as additives resulted in a homogeneous 
monopalladated product mM-II within 25 minutes of milling 
(Figure 5a). NaOAc was added to prevent a reverse reaction 
promoted by release of a strong tetrafluoroboric acid and to act 
as external base that accepts a proton released during 
cyclopalladation. The presence of AcOH was confirmed by 1H 
NMR spectra of the bulk mixture. Use of NaBF4 acted beneficial 
in two ways, first by enabling mechanochemical reactions 
between [Pd(MeCN)4][BF4]2 and  
Figure 5. a) Structure of the monomeric alpha monopalladated AZB complex 
of the precursor II, i.e. [Pd(AZB-H)(MeCN)2][BF4], (mM -II); b) normalized 
solid-state Raman spectrum of mM -II; c) 2D plot of time-resolved Raman 
monitoring of IAG of AZB and [Pd(MeCN)4][BF4]2; and d) part of the Raman 
spectra at selected times showing tentative signals of the adduct marked with 
an asterisk (*). 
AZB which failed under NG, LAG-DMF and ILAG-DMF 
conditions due to large amount of present liquids released 
during reaction, and second, by preventing the formation of an 
acetate monopalladated complex that occurred during milling 
with an excess of NaOAc. We note that excess of NaBF4 without 
NaOAc resulted in an incomplete conversion of AZB to mM-II.  
Product isolation and identification. Single-crystal X-ray 
analysis of mM-II confirmed that the palladation occurred at the 
4-(N,N-dimethylamino)phenyl ring and that two MeCN ligands 
are coordinated to Pd (Figures 5a and S6). The mM-II gives 
intensive bands at 1270, 1292 and 1306 cm-1 in the Raman 
spectrum (Figure 5b). Ex situ PXRD monitoring during milling of 
AZB and [Pd(MeCN)4][BF4]2 revealed that the reactants retain 
crystallinity and produce a crystalline product mM-II (Figure 
S44). We note that mM-II could not be isolated in solution. All 
    
 
 
 
 
 
attempts to prepare the first adduct intermediate failed due to 
the rapid conversion of AZB to mM-II.  
Formation of a dipalladated complex directly from AZB and 
[Pd(CH3CN)4][BF4]2 or from the purified product mM-II, with 
NaOAc and NaBF4 as additives, was not achieved since both 
reaction mixtures contained a large amount of released liquids 
and got stuck to the milling ball after five minutes of milling which 
terminated the reaction.  
Monitoring and mechanism. In situ Raman monitoring 
demonstrated that IAG of [Pd(MeCN)4][BF4]2 and AZB in a 1:1 
molar ratio rapidly yields mM-II (Figure 5c). Formation of the 
mononuclear adduct might be proposed upon close inspection of 
the Raman spectra. Apart from AZB bands, at least three 
additional low-intensity bands at 1172, 1267 and 1609 cm-1 are 
observed after one minute of milling (Figure 5d). In addition, 1H 
spectrum of the reaction mixture in MeCN-d3 after one minute of 
milling contains two sets of low-intensity doublets in ca. 2:1 ratio 
as well as strong signals of AZB and weak signals of mM-II 
(Figure S17). This supports formation of mA-II and mAβ-II. Next 
step, the C–H bond cleavage, is regioselective. mM-II and 
traces of its beta isomer mMβ-II are obtained, according to 
1H 
NMR, which indicates that two adducts are in equilibrium and 
the reaction favors the alpha route toward mM-II. 
Results reveal high reactivity of the ionic precursor that rapidly 
coordinates at azo-nitrogen of AZB and the formed adduct 
readily transforms to the monopalladated product (Figure 5c). 
Similar to the reactions of the chloride precursors, observation of 
the adducts suggests that the C–H bond activation is slower 
than the adduct formation. 
Reactions with precursor III - [Pd(OAc)2]3 
Milling experiments. NG reaction of [Pd(OAc)2]3 and AZB in a 
1:3 molar ratio was extremely slow taking 50 hours to 
completion (Table 2). Further we followed the synthetic 
procedure developed recently by our group[11] and performed 
LAG palladation of AZB by [Pd(OAc)2]3 in a 3:1 molar ratio that 
afforded a dimeric monopalladated product dM-III (Figure 6). 
Effect of liquid additives was tested using DMF, MeCN, AcOH or 
H2O. Reaction times for the synthesis of dM-III with the 
employed liquids increase in the following order: DMF < H2O < 
MeCN < AcOH < none (Table 2). Analogous ILAG processes in 
which one equivalent of NaOAc is added are slow and result in 
dM-III in 20 h (ILAG-H2O) and 30 h (ILAG-AcOH). ILAG-DMF 
reaction afforded a mixture of precursors and dM-III even after 
50 hours of milling. This could be related to the formation of 
various Pd acetate species that retard the reaction. 
 
Table 2. LAG palladation of AZB by [Pd(OAc)2]3 
No. [Pd(OAc)2]3 : AZB Product Liquid Time* / h 
1 1 : 3 dM-III - 50 
2 1 : 3 dM-III DMF 7 
3 1 : 3 dM-III H2O 8 
4 1 : 3 dM-III MeCN 15 
5 1 : 3 dM-III AcOH 30 
6 2 : 3 dD-III DMF 21 
7 2 : 3 dD-III H2O 22 
8 4 : 3 dM-III H2O 3.5 
9 4 : 3 dD-III H2O 15 
* Corresponds to time at which full conversion to an acetate palladated 
product is confirmed by NMR and Raman.  
 
The dipalladated product dD-III (Figure 6) is obtained by LAG 
of AZB and [Pd(OAc)2]3 in a 2:3 molar ratio in about 22 hours 
which  
Figure 6. Structures and selected part of normalized solid-state Raman 
spectra of AZB complexes of the precursor III: a) monopalladated product 
[Pd(-OAc)(AZB-H)]2 (dM-III) and b) dipalladated product [Pd2(-
OAc)2(AZB-2H)]2 (dD-III). 
shows that the second palladation is slower than the first (Table 
2). We note that the all solid-state syntheses of both acetate 
complexes, dM-III and dD-III are considerably faster and 
cleaner than reaction in DMF solution that takes about one and 
three weeks, respectively. 
LAG-H2O of [Pd(OAc)2]3 and AZB in a 4:3 molar ratio has 
been conducted for comparison with the solid-state palladation 
by the chloride precursors. The mono- and dipalladated products, 
dM-III and dD-III, are obtained after 3.5 and 15 hours 
demonstrating that the reaction is slower than with the chloride 
precursors. In addition, isolation of the products is difficult due to 
similar solubility of the acetate products and the precursor. Thus, 
using [Pd(OAc)2]3 in a stoichiometric excess is not a feasible 
synthetic approach to the acetate azobenzene complexes 
Product isolation and identification. Structures of dM-III and 
dD-III, resolved by single-crystal X-ray diffraction (Figures S7 
and S8) and supported by spectroscopic data, are analogous to 
recently reported structures of mono- and dipalladated 4’-(N,N-
dimethylamino)-4- nitroazobenzenes.[11] dM-III and dD-III are 
    
 
 
 
 
 
dimers which adopt an open- and a closed-book structure, 
respectively. 
Both acetate complexes, dM-III and dD-III, recrystallized from 
CHCl3 give Raman bands at 1215, 1258 and 1289 cm
-1 but with 
different intensities (Figure 6). Analogous to complexes of other 
precursors and literature data11, intensive bands of the acetate 
complexes at ca. 1260 and 1290 cm-1 contain contributions of 
vibrations including N=N and (C–Nazo)NMe2 bonds. 
Isolation of intermediates. All attempts to prepare any 
coordination complex of [Pd(OAc)2]3 with AZB or dM-III by 
reactions in solution (MeCN, CH2Cl2, DMF, acetone, toluene) or 
in the solid state failed. Moreover, 1H NMR spectra of all 
obtained mixtures in CDCl3 or MeCN-d3 show only signals of 
AZB, mono- and dipalladated products. 
 
    
 
 
 
 
 
Figure 7. Time-resolved monitoring of monopalladation of AZB by [Pd(OAc)2]3 under a) NG and b) LAG-H2O reaction conditions. Above 2D plots are spectra 
contributions obtained from MCR-ALS analysis. Spectrum for the second contribution in LAG-H2O represents mixed spectra of forms due to inability to resolve 
pure contributions. Reaction profiles obtained from MCR-ALS analysis of c) AZB, d) the monopalladated form 1 and e) the monopalladated form 2; and f) LAG-
DMF fluorescence at 1700 cm
-1
. 
 
 
Monitoring. In situ results show that the C–H bond activation 
with [Pd(OAc)2]3 is significantly slower with respect to other 
tested Pd(II) precursors. Raman data for LAG reactions of 
[Pd(OAc)2]3 and AZB in molar ratio 1:3 reveal slow 
transformation of AZB to the monopalladated complex (Figure 7). 
Consummation of the precursor during the studied NG and LAG 
reactions is also evident from ν(Pd–O) Raman band at 339 cm-1 
that loses intensity simultaneously with AZB bands. Adducts 
were not observed. AcOH was detected by 1H NMR in all 
reaction mixtures showing that the acetate collects the 
eliminated proton.  
Three solid-state forms of dM-III were observed during milling 
of AZB and [Pd(OAc)2]3. The form 1 of dM-III is obtained in all 
reactions and shows two Raman bands at 1261 and 1292 cm-1. 
During milling the form 1 gradually transforms to the form 2 
(Figure 7). The form 2 is the final form of dM-III that occurs 
during milling and is characterized by bands at 1218, 1259 and 
1292 cm-1. The third form of dM-III (form 3), exclusively 
observed in LAG-DMF is characterized by strong Raman bands 
at 1207, 1255 and 1289 cm-1 and is highly fluorescent in the 
solid state (Figures 7f and S43). This form of dM-III could not 
be characterized in detail as washing of the reaction mixture or 
aging in air induced a change to the form 1. All forms display the 
same properties in solution and their spectroscopic data are 
consistent with the monopalladated acetate complex.  
Results show that the second palladation of AZB by 
[Pd(OAc)2]3 is considerably slower than the first palladation. 
Monitoring revealed that the LAG of [Pd(OAc)2]3 and AZB in 
molar ratio 2:3 is a stepwise reaction in which dD-III is formed 
via dM-III. Moreover, according to 
1H NMR, the second 
palladation of AZB by [Pd(OAc)2]3 occurs after AZB is mostly 
transformed into dM-III which is in strong contrast to palladation 
by the chloride precursors for which the second palladation 
occurs shortly after the occurrence of the monopalladated 
complex. Raman spectra of dM-III and dD-III contain 
characteristic bands that are mostly overlapping which 
prevented more detailed analysis of the second palladation by 
Raman spectroscopy. 
Scheme 2. Proposed mechanism of the solid-state palladation of AZB by 
[Pd(OAc)2]3. Only alpha route is drawn. Possible trinuclear species are drawn 
in parenthesis.  
    
 
 
 
 
 
Mechanism. Widely-accepted mechanism for the C–H bond 
activation by [Pd(OAc)2]3 involves the C–H bond activation by a 
Lewis-acidic metal via agostic interaction with the exiting proton 
and simultaneous acceptance of this proton by a basic ligand via 
an intramolecular hydrogen bond.[16] Similar to the chloride 
precursors, an adduct should be formed by coordination of the 
substrate to [Pd(OAc)2]3 before any C–H bond cleavage takes 
place.[16] Reaction is initiated by opening of the trimer 
[Pd(OAc)2]3 by either the substrate or an additive, and this 
process yields a trimeric, dimeric or even monomeric acetate 
species.[16,17] In our experiments, adducts have not been 
observed suggesting that their formation is slow and that, once 
present, they rapidly undergo the C–H bond activation. and 
transform to the palladated products dM-III or dD-III. Thus, the 
opening of the trimer in the solid-state, either by the substrate or 
the liquid additive, is even slower than cleavage of the C–H 
bond, which correlates with mechanistic studies for palladation 
of N-donor ligands.[16] Accordingly, the effect of liquid additives 
should correlate to their effect on breaking of the trimeric Pd 
precursor. More basic liquid should more efficiently compete 
with acetate ions in coordination to the Pd centers and could 
also facilitate the C–H bond cleavage. This hypothesis has been 
supported by correlation of the observed LAG reaction rates with 
Gutmann’s basicity[15] of the employed liquid additives.  
However, a more complex role of the additives is evident from 
the analysis of NG, LAG and ILAG experiments. NG of 
[Pd(OAc)2]3 and AZB is the slowest reaction which shows that all 
employed additives, including AcOH, act beneficially to 
palladation by [Pd(OAc)2]3. The ability of H2O and DMF to cleave 
[Pd(OAc)2]3,
[18] as well as to act as a proton shuttle, agrees with 
fast LAG-DMF and LAG-H2O. AcOH could be involved in proton 
shuttling from the substrate to the coordinated acetate,[19] which 
might rationalize LAG-AcOH being faster than NG even though 
the trimeric precursor in favored in presence of AcOH.[18]  
In order to further describe the effect of liquid additives, we 
performed LAG of [Pd(OAc)2]3 without AZB and adding 15 µL of 
each employed liquid under the same experimental conditions 
as in examined reactions with AZB. IR spectra of the reaction 
mixtures with DMF or H2O obtained after two hours of milling 
(Figure S35) show a minor amount of palladium acetate species 
other than [Pd(OAc)2]3 which are most likely amorphous 
according to PXRD patterns that agree with the pattern of the 
trimer (Figure S52). In contrast, IR spectra of the reaction 
mixtures with MeCN and AcOH show no change with regard to 
the IR spectrum of [Pd(OAc)2]3. We note that the product of the 
[Pd(OAc)2]3 hydrolysis, [Pd3(μ-OH)(μ-OAc)5],
[18] was not 
detected in any of the mixtures. These experiments suggest that 
AZB, along with the liquid additive, plays an important role in 
breaking of the trimeric structure to either a trimeric open 
structure, dimeric or even monomeric species (Scheme 2). 
Similar ligand effect was observed for cycloisomerization of 
enynes catalyzed by [Pd(OAc)2]3 in solution.
[20] Taking into 
account that LAG reactions are faster than analogous ILAG 
reactions, we suggest that di- or monomeric species, which are 
formed in AcOH solution of [Pd(OAc)2]3 and NaOAc,
[21] are not 
prevailing in LAG but might occur under ILAG conditions. This is 
supported by PXRD (Figure S53) and IR (Figure S36) analysis 
of the mixture obtained by IAG milling of [Pd(OAc)2]3 with NaOAc 
for 2 hours. We presume that a stable DMF-acetate complex 
could be formed in ILAG-DMF which would consume the Pd 
precursor and stop the reaction. Analogous side reaction is not 
prominent with other additives that are O-ligands, allowing ILAG-
H2O and ILAG-AcOH to finish. 
Taking the presented results into account, we propose that 
breaking of the trimer in LAG reactions starts predominantly with 
the coordination of AZB which is present in excess with respect 
to the liquid additive. Cleavage should give trinuclear 
intermediates[17] that can be further cleaved by the employed 
liquid and/or AZB. These intermediates remained elusive as 
they could not be isolated or even detected by any employed 
spectroscopic method. This is similar to behavior of the unstable 
trinuclear complexes reported for the C–H activation of 
acetanilides.[17a] Hereafter, the trinuclear species enters the 
liquid-assisted C–H bond activation accompanied by cleavage of 
the acetate bridges that ultimately leads to the dimeric 
palladated product. Inferior ILAG reactions could favor di- or 
monomeric intermediates and might be assisted by external 
acetate and/or the employed liquid. In all cases the final 
acceptor of the exiting proton is the acetate yielding AcOH. 
Conclusion 
This paper describes a detailed comparative mechanistic 
study of the solid-state C–H bond activation in the asymmetric 
azobenzene substrate by most common Pd(II) catalysts. Our 
results clearly demonstrate that PdCl2 and the highly 
electrophilic [Pd(MeCN)4][BF4]2 are more convenient catalysts for 
the solid-state C–H bond activation than PdCl2(MeCN)2 and 
[Pd(OAc)2]3. A prominent effect of liquid and/or solid additives on 
the reactivity of different Pd(II) catalysts, the selected substrate 
and generated intermediates is observed by extensive in situ 
and ex situ spectroscopic studies. Proposed solid-state 
mechanisms agree with the mechanistic schemes suggested for 
the reactions in solution. Results for PdCl2, PdCl2(MeCN)2 and 
[Pd(MeCN)4][BF4]2 support the two-step palladation via initial fast 
coordination of the precursor to the substrate forming the adduct 
that in the second slow step undergoes the C–H bond cleavage. 
In contrast, breaking of the trimeric precursor is the slow step in 
the solid-state palladation by [Pd(OAc)2]3.  
The obtained mechanistic insight into the solid-state C–H bond 
activation with different Pd(II) catalysts offers a better 
understanding of the effects of the metal catalyst as well as 
liquid and solid additives in future functionalization studies using 
ball milling. This might stimulate wider application of this type of 
solid-state reactions for synthesis of various compounds and 
materials, especially those that are not readily available from 
solution. 
Experimental Section 
General Measurements. Used chemicals and solvents are commercially 
available and were not additionally purified or dried. NMR spectra were 
recorded at 25 °C in DMSO-d6, CDCl3 or MeCN-d3 on Bruker AV-600, 
AV-400 and AV-300 spectrometers. Chemical shifts are referenced to the 
tetramethylsilane (TMS) internal standard and the assignment is given in 
Tables S3-S7. IR spectra were recorded on a Perkin-Elmer FT 
spectrometer Spectrum Two. Elemental analyses were performed on a 
Perkin-Elmer Series II 2400 CHNS/O analyzer. PXRD measurements 
were done on a PANalytical Aeris X-ray diffractometer with a Ni-filtered 
CuKα radiation. 
    
 
 
 
 
 
Single-crystal X-ray diffraction. Single crystals of AZB, mM-I, mD-I, 
mM-II, dM-III and dD-III were measured on an Oxford Diffraction 
Xcalibur Nova R using a microfocus Cu tube, whereas mA-I was 
measured on an Oxford Diffraction Xcalibur using a Mo tube and the 
CCD detector. CCDC 1836286-1836292 contain the supplementary 
crystallographic data for this paper. Crystal and other data is in Tables 
S1-S2.  
Milling reactions. Experiments were performed using an IST500 mixer 
mill (www.insolidotech.com/ist500.html) with a built-in fan operating at 30 
Hz. To assure data consistency, reported experiments with each 
precursor were run consecutively under analogous conditions and at 
ambient temperature of 22±2 ⁰ C. Reactions were conducted in 
poly(methylmetacrylate) (PMMA) transparent jars (14 mL) that allowed 
for in situ Raman monitoring. One zirconium(IV) oxide (ZrO2, 12 mm, 4.4 
g) or one stainless steel (10 mm, 4.0 g) milling ball was used. Reactions 
were performed starting with ca. 225 mg of the reaction mixture. Salts 
(NaOAc, NaBF4) and/or 15 µL of liquid (DMF, AcOH, H2O or MeCN) were 
used as additives. More details are in the Supporting Information. 
Volume of the liquid additives was adjusted to 15 µL as this is the 
maximum volume of DMF that still allows good mixing inside the jar and 
is applicable to all employed liquids. Binary mixtures of liquids were not 
examined. According to the spectral data, all reactions are quantitative, 
however, isolation of the products results in a loss of material and thus 
can reduce the yield down to 80%. According to 1H NMR a slightly longer 
reaction time is needed to achieve a homogenous bulk than is the time 
determined by Raman analysis due to inherent lower sensitivity of the 
solid-state Raman spectroscopy with respect to 1H NMR. 
Solution-based reactions affording mA-I, mM-I, dM-I, mD-I, dM-III 
and dD-III were conducted at room temperature. More details are in the 
Supporting Information. 
In situ Raman monitoring was performed using a portable Raman 
system with a PD-LD (now Necsel) BlueBox laser source with a 785 nm 
excitation wavelength equipped with B&W-Tek fiber optic Raman 
BAC102 probe and coupled with OceanOptics Maya2000Pro 
spectrometer with 4 cm-1 spectral resolution. Position of the probe was 
around 1 cm under the PMMA jar with laser beam focused about 1 mm 
inside of the jar. Time-resolved in situ Raman spectra were automatically 
collected. Subtraction of the jar contribution to the Raman spectra was 
described in details in reference 12d. 
Analysis of Raman spectra. Spectral range of 1096-1640 cm-1 was 
baseline-corrected using asymmetric least squares[22a] (AsLS) and 
subsequently normalized using l2 norm. Spectra were arranged in a data 
matrix that was used in multivariate curve analysis – alternate least 
squares (MCR-ALS)[22b] procedure in MATLAB to extract concentration 
and spectral contributions. To assure physically meaningful results and 
reduce rotational ambiguities,[22c] additional constraints were used, i.e. 
non-negativity and unimodality in concentration and non-negativity in 
spectral contributions. After optimization, derived MCR spectra were 
compared to the known Raman spectra of reactants and products. 
Raman spectra of the studied solids were assigned using literature data 
[11,23] and quantum-chemical calculations (see the Supporting 
Information). 
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Mechanism of the solid-state C–H 
bond activation by various Pd(II) 
catalysts under milling conditions is 
studied by in situ Raman and ex situ 
IR, NMR and PXRD methods. 
Reaction dynamics, intermediates 
involved in the reaction and effects of 
liquid and solid additives have been 
identified using spectroscopic data as 
well as the reaction profiles obtained 
from the analysis of the in situ Raman 
data.  
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